Recent upgrades to the FIDA (fast-ion D-alpha) diagnostic at ASDEX Upgrade are discussed: The diagnostic has been extended from three to five line of sight arrays with different angles to the magnetic field, and a spectrometer redesign allows the simultaneous measurement of red-and blue-shifted parts of the Doppler spectrum. These improvements make it possible to reconstruct the 2D fast-ion velocity distribution f (E, v /v) from the FIDA measurements by tomographic inversion under a wide range of plasma parameters. Two applications of the tomography are presented: A comparison between the distributions resulting from 60 keV and 93 keV NBI and a velocity-space resolved study of fast-ion redistribution induced by a sawtooth crash inside and outside the sawtooth inversion radius.
Introduction
Fast, supra-thermal ions are created in present-day fusion devices by neutral beam injection (NBI) and ion cyclotron resonance heating (ICRH), and they are used for plasma heating and current drive. In burning plasmas, fast α ions from fusion reactions will be the main heating source. It is therefore crucial to ensure a good confinement of fast ions and understand their transport behavior.
Fast ions can be studied e.g. with neutral particle analyzers [1] , collective Thomson scattering [2] or with neutron yield measurements and spectroscopy [3, 4] . In this paper, we want to focus on another possibility, which is the spectroscopic observation of line radiation (fast-ion D-alpha, FIDA) that emerges after charge exchange reactions [5] . Here, the fast ions can be distinguished from the thermal particles through the strong Doppler shift of the associated emission wavelength. Radial profiles of the FIDA emission can be measured and compared to theoretical predictions by forward-modeling with FIDASIM [6] .
An analysis of the whole Doppler spectrum yields information about the 2D velocity distribution f (E, v /v), where E is the energy and v /v is the pitch of the fast ions. The observed Doppler-shift of an ion is proportional to the projection of its velocity vector (after neutralization) onto the line of sight direction. Therefore, the FIDA spectrum of a LOS with angle Φ to the magnetic field is dominated by fast-ions with similar pitch angles (i.e. cos(v /v) ≈ Φ). Observation from different viewing angles allows consequently a tomographic reconstruction of f (E, v /v) [7] . This has been demonstrated successfully at ASDEX Upgrade from three FIDA viewing angles [8] in a very thin plasma, which allowed to measure the full D-alpha spectrum without blocking the bright, central D-alpha line from the plasma edge.
In the present paper, we discuss the diagnostic upgrades for the 2014 campaign, which allow to measure the full D α spectrum (i.e. blue and red Doppler shifts) permanently and under all plasma conditions. Furthermore, the FIDA diagnostic has been extended from three to five viewing arrays for a better coverage of the velocity space. First results from the new spectrometer setup and four FIDA views have been shown already in [9] . The details of the diagnostic improvements are now described in this paper in section 2. In section 3, a first tomographic reconstruction of f (E, v /v) from all five views is presented in the presence of 60 keV and 93 keV NBI. In section 4, the fast-ion redistribution in the velocity space induced by a sawtooth crash is studied using all five FIDA views at two positions, in-and outside of the sawtooth inversion.
Diagnostic setup 2.1 Spectrometer
The FIDA diagnostic is based on the spectroscopic analysis of the D-alpha Doppler spectrum. The unshifted D-alpha line is typically very intense and cannot be measured simultaneously with the much weaker FIDA emission due to the limited dynamical range (16 bit) of the CCD-Camera. Therefore, it needs to be blocked. In the previous spectrometer setup (as described in [10] ), this was achieved with a high pass interference filter. The drawback of this method is that only one half of the FIDA Doppler-spectrum can be measured (in that case the red-shifted part). In order to gain information about the full fast-ion velocity space, it is desirable to measure the full Doppler spectrum. Therefore, a sharp notch filter with a width of approximately 1-2 nm is needed. Since optical filters with these capabilities are rare and expensive, the D-alpha line is instead filtered geometrically with a wire, as it was already succesfully done e.g. in [11, 12] . Therefore, an additional lens is needed to create a sharp image on the wire. The complete setup is shown in fig. 1 . The light is transferred from the plasma into the spectrometer by a vertically stacked array of glass fibers. It is then made parallel by the first lens and gets reflected and dispersed by the grating. The second lens focuses the light onto the wire, whose position has to be adjusted such that it blocks the central D-alpha line. Then, the light is focused onto the CCD-chip with the third lens.
The wavelength calibration of the spectrometer is done by measuring the known spectrum of a neon lamp on each spectrometer channel (before and after an experimental campaign). Furthermore, the same neon lamp spectrum is measured on the first spectrometer channel after each tokamak discharge to ensure that the wavelength calibration is valid for every discharge. The neon lamp is located in the spectroscopy laboratory (i.e. close to the spectrometer), and it is assumed that the wavelength does not change on the further optical path from the plasma. fig. 3 . The red curves correspond to the passive background radiation, measured during a NBI-off phase.
The spectrometer setup as described in [10] has been capable of measuring 16 LOS channels. Within the spectrometer upgrade, this has been extended to 27 channels, which can be measured with a time resolution of 2.5 ms. This increase has been achieved, because the modified optics have been chosen such that the image projected onto the CCD is smaller. Consequently, the observable wavelength range has increased by a similar factor (≈ 25 nm instead of ≈ 14 nm), which is beneficial for measuring both the blue and red side of the Doppler spectrum. In addition, a second spectrometer with a similar design and 10 channels (20 ms time resolution) has been brought into operation permanently for FIDA measurements, which gives us the possibility to routinely measure 37 lines of sight simultaneously.
A spectrum measured with the upgraded spectrometer is shown in fig. 2 . The wire-filter is clearly seen, and covers the central D-alpha line entirely, as desired. The beam emission is still visible, and FIDA light can now be observed on both sides of the spectrum. The spectral resolution is 0.21 nm. For comparison, a background spectrum, measured during an NBI-off phase, is shown with the red lines. It is shifted to similar background (evaluated around 665 nm) to allow a shape comparison. It can be seen that the background is mainly a flat line, which can be identified with bremsstrahlung, with some additional impurity lines. The FIDA contribution can hence be well recognized by its shape.
Interpretation of the spectrum with weight functions
The Doppler-spectrum contains information about the fast-ion velocity distribution. This can be analyzed quantitatively with weight functions W : Each wavelength bin λ of the FIDA spectrum can be interpreted as an integral over f (E, ξ), weighted with W : Hereby, the pitch is denoted with ξ := v /v. W can be calculated with the FIDASIM code [6, 13] . In fig. 3 , weight functions for one LOS and four different wavelength bins are shown as an example. It can be seen that all weight functions have similar shape but cover different energy ranges. Higher Doppler-shifts ∆λ are connected with a weight function at higher energies, and different signs of the Doppler-shift correspond to opposite parts in the velocity space with respect to the pitch v /v. The weight functions belonging to ±3 nm (w.r.t. the unshifted D-alpha line λ 0 = 656.1 nm) typically mark the lower boundary of the FIDA spectrum. At lower Doppler-shifts, other contributions, e.g. from the NBI or the thermal halo neutrals become important or dominate the spectrum. Consequently, we can only measure the fast-ion velocity space above roughly 20 keV.
The weight functions can be interpreted as lines of sight (or areas of sight) in the velocity space. If enough weight functions are available, a tomographic reconstruction becomes feasible. If the spectrum in fig. 2 is binned to 0.1 nm wavelength bins, and if we study Doppler-shifts in a typical range of ∆λ ∈ ±[3, 8] nm we get already ≈ 100 measurements and weight functions. However, they have all similar shape and do not cover the entire velocity space (especially the area around pitch 0 is not covered). Therefore, additional FIDA views with different projection angles Φ (i.e. the angle between the LOS and the B-field) are needed.
Lines of sight
As described in [10] , the FIDA diagnostic at ASDEX Upgrade had already line of sight arrays from three viewing directions: Φ ≈ 10
• , −20
• , 70
• (all aligned on NBI beam Q3). The minus symbol indicates that the observation is done from the opposite direction with respect to the magnetic field, which means that the Doppler spectrum is mirrored with respect to the D-alpha line. Since we are able to measure both sides of the Doppler spectrum, the sign of Φ does not matter for the information, which we get about the velocity space. This line of sight setup has now been extended to five views. The new lines of sight are chosen such that the measurements complement the three existing views in the best possible manner. To determine the optimum new angles Φ 1 and Φ 2 between the lines of sight and the magnetic field, we calculate synthetic spectra for the three existing views and two new views at observation angles Φ 1 and Φ 2 for the fast-ion velocity distribution function of beam Q3. We then calculate tomographic inversions of the synthetic spectra with added noise for the possible combinations of the angles Φ 1 and Φ 2 and compare the inversion with the original function by a figure of merit fig. 4 at about 85 and 50 degrees. Local maxima correspond to a poor choice of the new geometry and occur when Φ 1 or Φ 2 are similar to one of the existing viewing angles or similar to each other. We note that the graph is symmetric about the angle bisector Φ 1 = Φ 2 as Φ 1 and Φ 2 are interchangeable.
Hence, two new viewing arrays with Φ ≈ −50
• and Φ ≈ −85
• have been installed into ASDEX Upgrade (see fig. 5 ). The Φ ≈ −50
• view is equipped with seven radial lines of sight, and the Φ ≈ −85
• has five radial lines of sight. The third (middle) LOS of Φ ≈ −85
• has a bad fiber with low transmission, and is not shown in the figure. The exact projection angle changes slightly over the different radial LOS of one view. Figure  6 shows an overview of the projection angles of all five views as a function of the major radius R. It can be seen that the angle of one LOS array varies along the plasma radius due to the geometrical arrangement of the viewing chords. It is therefore not possible to achieve an optimal Φ distribution over the whole plasma radius. We have optimized the LOS angles in the plasma center, and the Φ angles mentioned above correspond to the values in the plasma center.
In the default setup, the LOS of the Φ = −20
• view are connected to the spectrometer with 20 ms time resolution, while the other four viewing arrays are connected to the spectrometer with the faster CCD-camera (2.5 ms). If data analysis using all five views is desired, the data from the faster CCD-camera is typically averaged over 20 ms to reduce noise and to have a comparable time range for all measured spectra. 
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NBI Q3 Negative angles indicate that the observation is from the opposite side, and hence the Doppler spectra are mirrored. It can be seen that all lines of sight are well aligned along NBI source Q3. 
Radial resolution
The radial resolution of a line of sight is mainly determined by the path of the LOS through the NBI beam. The width of the LOS can hereby be neglected in good approximation, and the width of the NBI beam and the surrounding neutral halo is the important quantity. Good radial resolution (in terms of ρ pol ) can be achieved if the LOS goes tangential to flux surfaces through the beam.
With the FIDASIM code, the radial resolution can be computed accurately. In particular, the origin of fast ions, which experience a charge-exchange reaction and contribute to the calculated FIDA signal can be calculated and is shown in fig. 7 . The calculation has been done for typical ASDEX Upgrade discharge parameters and a fast-ion distribution calculated by TRANSP/NUBEAM [14, 15] resulting from 2.5 MW of 60 keV NBI from source Q3. For comparison, the neutral density of NBI and halo is plotted with contour lines. It can be seen that the FIDA measurement volume is localized where the LOS crosses the neutral cloud. However, there is also a significant broadening of the contribution perpendicular to the LOS, which can be explained by finite Larmor radii of the fast ions and finite free mean paths of the fast neutrals.
From these R,z contribution matrices, we can compute a R and ρ histogram. We define our measurement position with its mean-value, and the width of the measurement with the standard deviation of the histogram. Both are shown in figure 6 , together with the angle of the line of sight towards B. We can see that the Φ = 10
• and Φ = 20
• views have the best resolution both in R and ρ because they are very tangential to the flux surfaces. Φ = 70
• has a comparably good R resolution, because its line of sights are vertical. However, the ρ-resolution is worse, especially in the plasma center, because the neutral beam covers a broad ρ-range there. Φ = 50
• is less tangential as Φ = 10
• and 20
• and has a ρ resolution comparable to the vertical view. Φ = 85
• has the broadest measurement volume, because it is least tangential to the flux surfaces, and has consequently only five radial lines of sight.
Weight functions of the five FIDA views
The weight functions of all five FIDA views are shown in fig. 8 as an example for a positive and a negative Doppler-shift. It can be seen that the 10
• view observe ions with high pitches, and the weight functions have a rather narrow shape. The other extreme case is the 85
• view, which dominantly observes strongly gyrating fast ions with pitches in a rather broad range around zero. It can be seen that its weight functions are much broader due to the strong influence of the gyromotion on the projected velocity. For the views in between, the shape of the weight functions changes smoothly according to the absolute value of Φ. The weight functions at negative Doppler-shifts are approximately mirror-symmetric with respect to v ⊥ /v if compared to the ones at positive Doppler-shifts. In particular, Doppler-shifts ∆λ with ∆λ · sgn Φ > 0 correspond to FIDA light from co-current fast ions, while ∆λ · sgn Φ < 0 corresponds to counter-current fast ions. 
Tomographic reconstruction
In order to calculate a tomographic reconstruction of the velocity distribution f (E, ξ), we need to invert eq. 1. Therefore, we discretize the equation and stack all measurements in a vector s, and all pixels of the 2D distribution function f (E, ξ) in a vector f . They are then connected by a matrix W, which contains the discretized weight functions:
s and W are normalized with respect to the noise level σ of the measurement, such that parts of the spectra with good signal-to-noise ratio are considered more strongly. The task is now to calculate the pseudo-inverse W + of W , which can be done e.g. by singular value decomposition as shown in [7, 8] or by maximum entropy regularization [16] . A systematic comparison between different inversion methods can be found in [17] . Here, we use a first-order linear regularization, as described in [18] :
With ∇ E and ∇ ξ we denote matrix representations of the partial derivative in E and ξ direction. To ensure dimensional consistence, the prefactor β is needed. This approach is equivalent to calculating a least-squares fit, with the additional condition that the solution should be a smooth function, i.e:
The ratio between both conditions is given by the parameter α. β allows furthermore to adjust the ratio of smoothing in E and ξ direction. We find the tomographic reconstruction f then by the matrix multiplication:
The so calculated tomography f can contain negative values. To overcome this nonphysical behavior, we have implemented a simple yet effective iterative method: After the first step, the most negative pixels of f are determined. For each these pixels (index j), an artificial weight-signal pair is added (i.e. a new row to W and s with index i) fulfilling:
This means that an artificial weight matrix is introduced, which sees just one pixel, and the corresponding signal is set to zero. W 0 is a positive number and should be large with respect to the real weight functions. This forces the selected pixel (which was negative before) to zero. This procedure can be repeated iteratively, until all negative values are eliminated or the most negative value reaches a reasonable threshold close to zero.
3 Fast-ion velocity distribution from 60 and 93 keV NBI
In the following section, we investigate the velocity-space accuracy of the tomographic reconstruction by comparing a phase with only 60 keV NBI and a phase with 93 keV beams in addition. We have chosen discharge #30950, which was run with a magnetic field of -2.2 T and a plasma current of 1 MA. It features rather low central electron densities between 1.0 − 3.0 · 10 19 m −3 , which leads to low bremsstrahlung and hence a good signal-to-noise ratio of the FIDA signal. The basic time traces are shown in fig. 9 .
We have analyzed two time points: 0.92 s with only 60 keV NBI (from Q3), and 1.23s with 93 keV from Q6 and Q8 in addition. In between, there is a short time phase without any beam, which is used to substract passive FIDA radiation. In fig. 10 , the FIDA spectra are shown for the two time points for five FIDA views, which measure all approximately at the same radial position in the plasma center (R = 1.74 m, z = 0.07 m and ρ pol = 0.16, 0.10 for the first/second time point). It can be seen directly from the spectra that the FIDA radiation increases strongly. This can be interpreted with an increase of the fast-ion density -however a quantitative statement cannot be given, because the beam attenuation has also changed due to different plasma parameters in the two time points. With the FIDA tomography, quantitative statements are possible, because this effect is taken into account by calculating separate weight functions for each time point. The presence of 93 keV fast ions should lead to larger Doppler shifts in the spectrum. This effect is visible in some of the spectra, but it is weak, because the 93 keV beams inject less particles than the 60 keV beams (at same power) and the charge exchange cross-sections go down towards higher energies. We have performed tomographic reconstructions from these spectra. Regions with impurity lines and beam emission are excluded, as-well as the wavelength range [-3.1 nm, +3.1nm] around the D-alpha line, which is dominated by thermal ions, emission from the beam neutrals and passive radiation from the cold plasma edge. In doing so, we make sure that we get mainly information about the fast ions from the spectra. However, this also means that we do not get detailed information about fast ions below ≈ 20 keV. This limit seems to be acceptable, since still a broad region of the energy range is covered (2/3 in the case of 60 keV NBI and even more for 93 keV NBI). In addition, the thermal ions are well-diagnosed by conventional charge-exchange diagnostics. Figure 10 : FIDA spectra of five views at t = 0.92s (60 keV NBI only, red line) and t = 1.23s (60 and 93 keV NBI, black line). Passive radiation (measured during a beam-off phase) has been subtracted -therefore, the baselines of the spectra appear very noisy in the logarithmic plot, as it is close to zero. The tomography is calculated from the blue-shaded regions.
The result of the tomography is seen in fig. 11 . For t = 0.92s, the tomography yields a velocity distribution which has almost no fast ions above 60 keV. The pitch distribution has a peak at ≈ 0.6, which is perfectly within expectations from the beam geometry. For the second time point, t = 1.23s, a clear contribution from fast ions above 60 keV is found. Moreover the fast-ion density increases strongly, which can be expected, because the NBI power is tripled. The tomography is calculated down to energies of 15 keV. It has to be noted that the region between 15 and 24 keV is more weakly covered by weight functions than the higher energy ranges, and the results within this region should be treated with care. This is especially true for 15-20 keV, which is only (partially) covered by some of the perpendicular views, and hence has an extrapolative character.
In fig. 12 ., the fast-ion distribution, calculated by the NUBEAM module in TRANSP [14, 15] , is shown. To ensure a realistic comparison with the FIDA tomography, a shifted Maxwellian distribution has been added to account for thermal deuterium (with density n D , temperature T i and toroidal rotation v rot ): (b) t = 1.23 s Figure 11 : Tomographic reconstruction of the ion velocity distribution function. The tomography is calculated on a 46x25 grid and has hence 1150 pixels, and 280 measurements (e.g. FIDA wavelength bins) are used. (b) t = 1.23 s Figure 12 : Fast-ion distribution calculated by NUBEAM/TRANSP. The distribution of thermal deuterium is added according to eq. 8.
The normalization is such, that f dEdξ = n D and v and v ⊥ can be calculated straightforwardly from E and ξ:
The contour plots show a good agreement, overall. For a more quantitative comparison to the FIDA tomography, we have calculated energy and pitch profiles of the 2D distribution functions by integrating out the other coordinate ( fig. 13 ). For the pitch profile, we have integrated over E > 24 keV, in order to compare only the trustworthy region of the tomographic reconstruction.
In the pitch profiles, a good agreement is found both in absolute values and shape of the profile. The main difference is that the tomography shows less pronounced peaks. This effect is also seen clearly in the contour plots for t = 0.92 s (figures 11 and 12). It might be a consequence of the 1st order regularization, which demands small gradients. For this particular feature of the distribution function, regularization methods, which tend to pronounce peaks more strongly (e.g. Minimum Fisher information [18] ), might improve the results. On the other hand, an exact reconstruction of the peaks is not so important from a physical point of view: The peaks are mainly determined by the (well-known) geometry of the NBI, while the interesting physics aspects are found elsewhere in the velocity space (e.g. high energy tails, fast-ion redistribution due to MHD etc.).
The energy profiles show also a good agreement in shape and absolute values. The strong increase of the measured fast-ion density at the second time point fits well to the TRANSP prediction. It can be seen that the thermal ions contribute a significant part to the distribution at t = 1.23 s due to high T i values there and that the agreement is greatly enhanced by adding the thermal component to the TRANSP fast-ion distribution. Differences are found for t = 0.92 s: In the region around 50 keV the tomography yields less fast ions, and around 65 keV it yields more fast ions than TRANSP. This might be explainable to some extent with a too strong smoothing of the tomography. At t = 1.23 s, the extrapolative character of the tomography at energies below ≈ 24 keV can be seen clearly, and differences to TRANSP occur. For higher energies, the tomography and TRANSP agree very well.
Overall the tomography made from the FIDA data reproduces well the fast-ion distributions of NBI at two different injection energies, and good agreement to TRANSP/NUBEAM is found. The method can therefore be applied to investigate physics mechanisms.
Fast-ion redistribution by sawtooth crashes
Sawtooth crashes can strongly redistribute fast ions, which has been demonstrated e.g. from FIDA [?] or neutron measurements [19] . The improved FIDA setup and the additional views can be used now to study the velocity dependence of this redistribution in detail.
We have analyzed discharge #31557. The discharge was run with a magnetic field of -2.6 T and a plasma current of 1 MA. Fig. 14 shows time traces of the central and mid-radius The onset of NBI is followed by a rise of the FIDA radiation, which can be identified with the fast-ion density build-up. Later on, the FIDA radiation drops in the plasma center with each sawtooth crash, and rises in the outer lines of sight. This indicates a strong redistribution of the fast ions due to the crash. From the raw signals, it is already observable that the central Φ = 10
• LOS, which sees mostly co-current fast ions, measures the strongest sawtooth drop, while the FIDA views, which observe more strongly gyrating fast ions have smaller sawtooth drops. Outside of the inversion, the Φ = 10
• projection shows a stronger rise of FIDA radiation than a Φ = 30
• projection. This can be seen more clearly in figure 15 , where the relative change ((after-before) / before) of the FIDA emission during the sawtooth crash at 2.25s is shown for five FIDA views and for the two radial positions as a function of the mean observed pitch. These observations give the indication, that fast ions with high pitches v /v are more strongly expelled from the plasma center than fast ions with low pitches. This can be studied more quantitatively with the FIDA tomography method, described in section 2.6.
We have performed tomographic reconstructions before and after the sawtooth at 2.25s from five FIDA views, which measure all approximately at the same radial position. The calculation was carried out for a set of LOS in the plasma center (ρ pol ≈ 0.10) and a second set of five views outside of the sawtooth inversion (ρ pol ≈ 0.60). The input spectra for the tomography in the plasma center are shown in fig. 16 . It can be seen directly that the FIDA contribution in the spectra is significantly lower after the crash -most strongly 
The mean value of g(ξ) is plotted as dot, and the standard deviation is shown with error bars. It can be seen clearly that the more tangential FIDA views have a better pitch-resolution than the perpendicular views, which can also be seen in the contour plots of the weight functions (see fig. 8 ). for the most tangential view (Φ = 12.5
• ). As in the previous section, regions with impurity lines and beam emission are excluded for the tomography, as-well as the wavelength range [-3.1 nm, +3.1nm] around the D-alpha line, which is dominated by thermal ions.
The results of the tomography are shown in fig. 17 . From the reconstruction, it is possible to determine the total fast-ion density (of fast ions above 24 keV), and thus quantify the effect of the sawtooth: In the plasma center, it causes a 25% drop of total fast-ion density, while at ρ pol = 0.60 an increase of 19% is observed. With a cut of the fast-ion distribution function at constant energy, we can estimate how this total density changes are distributed along different pitches ( fig. 18 ). It can be seen that fast ions with high pitches are much stronger expelled from the plasma core (-50%), while more strongly gyrating fast ions with pitches close to 0 are much less affected by the sawtooth. This is in accordance with [20] , where a FIDA tomography is calculated with singular value decomposition from four FIDA views in the plasma center, and a similar pitch distribution of the density change is found.
Outside of the sawtooth inversion at ρ pol = 0.60, a strong increase is found for fast ions with high pitches (+40%), while at the same time, only little changes are observed for strongly gyrating fast ions with pitches close to 0.
These findings of the tomography are in line with the basic trend, which is already visible in the raw data (as shown in fig. 15 ). However, the tomography allows a more detailed and quantitative study. For example, the influence of the changed beam attenuation due to the strongly changed kinetic profiles is taken into account, because these effects are included in the calculation of the weight functions and separate weight functions are calculated for both time points. We can get a more detailed picture of the redistribution by calculating the relative change for the entire velocity space. This is shown for both radial positions in figure 19 . The relative difference is only well defined, if f before (E, ξ) is high enough. Therefore we have calculated it only for regions which fulfill f before (E, ξ) ≥ 0.15 · max(f before ). It can be seen that the absolute value of the relative change is largest for pitches close to +1 for all energies, and weaker for fast ions with pitches around 0. It is hard to make a robust statement for fast ions with very negative pitches, because there are very few fast ions due to to co-current orientation of the neutral beams. At least in the plasma center, it seems that the strength of fast-ion redistribution is more or less symmetrical with respect to ξ = 0. For low energies, the pitch dependence of the sawtooth redistribution is rather weak, as it is expected for thermal particles. This pitch dependence seems to increase with energy -and a region around ξ = 0 with very weak redistribution is seen towards higher energies. Outside of the inversion radius an overall similar shape of the relative change is found with opposite sign. This can be interpreted such that the ions from the core are redistributed further outside, keeping their energy and magnetic moment more or less constant. There are some small scale structures visible close to the f before (E, ξ) ≥ 0.15 · max(f before ) boundary, which should be treated with care, since the region close to that boundary has larger uncertainties and the outer measurement position has less fast ions in general. The rather broad region with high redistribution around E = 60 keV, ξ = 0.5 might be explainable by the fact that the full energy component (60 keV) of the beam is more strongly deposited in the plasma center. Hence, redistribution of those particles towards the mid-radius causes a stronger relative increase there.
In the following, we want to discuss briefly a physical interpretation of these findings. Theoretical descriptions of fast-ion sawtooth redistribution can be found in [21, 22, 23] . Therein, the evolution of the helical flux Ψ * is modeled according to the Kadomtsev model [24] with the sawtooth crash duration τ cr as free parameter. The fast temporal changeΨ * of the helical flux during the crash induces an electrical field E. This results in a radial E × B-drift (with respect to the minor radius, i.e. from the plasma core to the edge or vice versa), which describes the sawtooth redistribution. This radial drift strongly depends on the helical angle η = θ − ϕ, where ϕ is the toroidal and θ the straight field line angle [25, 26] (or in good approximation for the plasma core the poloidal angle). Particles, which are closely following the field-lines (e.g. thermal particles, or fast ions with high pitches |ξ|), will stay at η ≈ const and will be strongly redistributed.
In [23] , it is shown that the radial E × B-drift cancels out almost completely when averaging over all η positions. This can be interpreted by a phase-mixing between mode and particles, which prevents particle redistribution. The combined curvature and ∇ B drift v D allows such a change of η along a particle orbit:
Hereby, the brackets refer to an average over one poloidal turn of the ion orbit. v D,R , v D,ϕ and v D,z are the R, ϕ and z components of v D , whereby the first two can be neglected in good approximation compared to the z component. A particle can escape the sawtooth redistribution, if |ω vD | is high enough with respect to the angular frequency ω cr = π/τ cr associated with the sawtooth crash duration τ cr (assuming that half a turn is enough to detach particles [23] ). The latter can be estimated from core soft-x-ray signals at τ cr ≈ 80 µs (see fig. 20a ). We have calculated the ratio |ω vD | /ω cr with an orbit following code, using a CLISTE [27] magnetic equilibrium reconstruction, for the tomography measurement position in the plasma center. It is shown in fig. 20b as a function of energy and pitch, along with a classification of the orbits. It can be seen that |ω vD | /ω cr 1 for strongly passing ions with high |ξ|, which is in accordance with the strong redistribution measured at high pitches. In contrast, a broad region around ξ = 0 can be seen with |ω vD | /ω cr > 1 and hence a weak sawtooth redistribution. This is in qualitative agreement to the tomography results. Furthermore, it can be seen that |ω vD | /ω cr increases strongly with the energy (logarithmic scale in fig. 20b ), which can explain why we measure lower relative changes around ξ ≈ 0 with increasing energy.
The velocity space region with weak sawtooth redistribution is mostly filled with trapped ions for ξ < 0 and with passing, but not axis-encircling, ions for ξ > 0 (i.e. stagnation orbits). For passing ions, this simple model predicts a much lower ω vD . This can be understood directly from equation (10) : While the drift v D,z remains more or less constant during an orbit, and points always downwards, ∂θ ∂z (i.e. the field-line slope w.r.t. z) has a different sign on the high field side than on the low field side (LFS). Passing particles spend approximately equal time on both sides, and hence ω vD is low. In contrast, deeply trapped particles spend more time during their orbit on the LFS, and stagnation orbits stay completely on the LFS -leading to much higher ω vD .
Another effect, which can lead to weaker sawtooth redistribution are large orbit widths. However, as fig. 20c shows, all orbits with ξ ∈ [0; 1] have comparable widths and hence cannot explain the measured variation of the redistribution in that interval. Only the trapped particles have significantly larger orbit widths, but they are still much smaller than the sawtooth mixing radius. Hence we can conclude that the orbit widths do not play an important role in this particular case. It has to be noted that these simple considerations can only provide a basic picture of the underlying physics. For example, the influence of the helical (1, 1) mode on the particle orbits [29] is neglected here. Nevertheless, a qualitative explanation, why particles with low |ξ| are less affected by the sawtooth can be given, while the exact shape (or the absolut values) of the measured relative change cannot be determined from this basic considerations. For that, more sophisticated modelling is needed (e.g. as described in [21, 22, 23] ), and the results of the FIDA tomography could allow to verify these models.
Conclusion and outlook
The FIDA diagnostic at ASDEX Upgrade has been upgraded from two viewing arrays and a single third view line of sight towards five full viewing arrays. Each view consists of several radially distributed lines of sight and has a different angle towards the magnetic field Φ. The latter determines the observed region in velocity space, and hence a fairly uniform distribution of angles (in the plasma center) has been chosen: Φ ≈ 10
• , −50
• and 85
• . The FIDA spectrometer has been equipped with a wire to block the central D-alpha line as replacement for a previously used high-pass interference filter. This allows simultaneous measurement of the red and blue part of the Doppler spectrum and hence doubles the observable information about the velocity space. Furthermore, the spectrometer capacities have been enhanced from 16 LOS channels to 37 channels, such that 37 lines of sights can be measured at the same time.
With these new diagnostic capabilities, it is possible to reconstruct the fast-ion velocity distribution function from the Doppler spectra by tomography under a wide range of plasma parameters. Hence, velocity-space resolved fast-ion transport studies are possible. The accuracy of the tomography is studied in a comparison of 60 keV and 93 keV NBI phases. The different energies are clearly resolved by the tomography. The fast-ion pitch distribution is well in agreement with the geometrical setup of the NBI, and a good agreement to theoretical predictions by NUBEAM/TRANSP is found for both cases.
As a physical application, fast-ion redistribution in the presence of sawtooth crashes is studied. A 25% overall drop of fast-ion density is observed in the plasma center in line with a 19% increase at ρ pol = 0.6. For both positions, the strongest redistribution is seen for fast ions with large pitches close to 1. The tomographic reconstruction allowed us to estimate the fast-ion redistribution quantitatively and energy and pitch resolved. The basic trends are, however, already visible in the raw data, by comparing signals from different views.
Within this work, we have neglected the spatial extension of the FIDA measurement volumes during the tomography process. Instead, we have combined five views, and assumed that they measure at the same spatial position. The reasonable results and good agreement to TRANSP justify these assumptions. However, an improvement would be possible by extending the tomography with a radial coordinate (e.g. ρ pol ). Consequently, the weight functions W would become functions of ρ pol , and the tomography would yield a 3D distribution function f (E, ξ, ρ pol ). While this increases the complexity and calculation time of the tomography strongly, it would allow to directly derive important profiles from the FIDA measurements, such as the fast-ion density, fast-ion pressure or fast-ion current (NBCD) profiles.
